Nuclei from polyoma-infected 3T6 fibroblasts elongate in vitro the progeny strands of the replicative intermediates of polyoma DNA. When high concentrations of such nuclei were incubated, short DNA fragments were formed and subsequently added onto growing progeny strands. When nuclei were repeatedly washed with buffer containing detergent and then incubated at low concentrations, DNA synthesis was decreased. In particular, the joining process was reduced, resulting in an accumulation of short DNA fragments. All aspects of the synthetic capacity of the nuclei were restored by addition of cytoplasmic extract. Additions of purified enzymes (polynucleotide ligase from calf thymus or Escherichia coli together with E. coli DNA polymerase I) increased the joining function of the nuclei. The system can be used for the identification of the enzymatic steps concerned with polyoma DNA replication.
Nuclei from polyoma-infected 3T6 fibroblasts elongate in vitro the progeny strands of the replicative intermediates of polyoma DNA. When high concentrations of such nuclei were incubated, short DNA fragments were formed and subsequently added onto growing progeny strands. When nuclei were repeatedly washed with buffer containing detergent and then incubated at low concentrations, DNA synthesis was decreased. In particular, the joining process was reduced, resulting in an accumulation of short DNA fragments. All aspects of the synthetic capacity of the nuclei were restored by addition of cytoplasmic extract. Additions of purified enzymes (polynucleotide ligase from calf thymus or Escherichia coli together with E. coli DNA polymerase I) increased the joining function of the nuclei. The system can be used for the identification of the enzymatic steps concerned with polyoma DNA replication.
We described earlier an in vitro system for the study of polyoma DNA replication, consisting of isolated nuclei from 3T6 mouse fibroblasts infected with polyoma virus (15) . During incubation, the nuclei are able to continue and complete the elongation of progeny strands which were initiated in vivo (9) . This process was shown to proceed in a stepwise fashion and to involve the intermediate formation of Okazaki type fragments (11) about 150 nucleotides long, which are initiated at their 5' end by short stretches of ribonucleotides (2, 8) .
Experiments by Mueller and co-workers demonstrated that the in vitro synthesis of chromosomal DNA in nuclei from HeLa cells could be stimulated by cytoplasmic factors (4, 10) . Here we explore the possibility of influencing the synthesis of a viral DNA in isolated cell nuclei by addition of cytoplasmic extracts or purified enzymes. With this system it is possible to demonstrate effects on discrete steps participating in the overall process, and our experiments should provide a complementation system similar to what has been described for microorganisms (7) .
MATERIALS AND METHODS
[3H ]thymidine ( Labeling was terminated by removal of the medium and addition of 5 ml of ice-cold Tris-buffered saline (15) . Under these conditions, about 90% of the radioactivity was recovered in the progeny strands of replicative intermediates.
Preparation and incubation of nuclei. The preparation of nuclei from five petri dishes (15 cm 
RESULTS
Stimulation of DNA synthesis of depleted nuclei by ribonucleoside triphosphates. Although RNA synthesis appears to be required for the elongation of polyoma DNA in isolated nuclei (8) , the addition of ribonucleoside triphosphates other than ATP to incubation mixtures stimulated incorporation of radioactive deoxynucleoside triphosphates into DNA only marginally and under special conditions (8) . Probably the normal isolated nuclei retain considerable pools of ribonucleoside triphosphates. When ribonucleoside triphosphates other than ATP were added to depleted nuclei, both the rate and extent of DNA synthesis were stimulated ( Fig. 1) . Incubation mixtures in all further experiments contained ribonucleoside triphosphates at saturating concentrations unless stated otherwise.
Dependence of DNA synthesis on concentration of nuclei and stimulation by addition of cytoplasmic extract. In the following experiment, the concentration of nuclei (normal or depleted) in the incubation mixture was varied, and the amount of DNA synthesis was determined. As described above, the replicative intermediates in nuclei were prelabeled with tritium, while the in vitro incorporation utilized [a-32P]dGTP. The 32P to 3H ratio is thus a measure of in vitro DNA synthesis. This ratio was drastically decreased at low concentrations of nuclei. The effect was apparent with both types of nuclei, even though it was somewhat more pronounced with the depleted nuclei ( Fig.  2) . Addition of higher concentrations of dithiothreitol (up to 10 mM) had no effect. The results suggest that at low concentrations of nuclei the activity of the system is limited by some factors which are lost from the nuclei. The effect was less pronounced during short incubation times (5 min), indicating that factors were eluted from nuclei during DNA synthesis in 1 Fig. 3 . Two concentrations of nuclei were incubated for 30 min with increasing amounts of extract. In both cases DNA synthesis was stimulated, but the degree of stimulation was much larger with the lower concentration of nuceli. The extent of DNA synthesis obtained with the largest amount of extract was the same, however, and was identical to that observed with high concentrations of nuclei in the absence of extract (Fig.  2) . The amount of extract required to obtain half maximal stimulation was about three times larger with the lower concentration of nuclei. Cytoplasmic extracts used in this and all further experiments described were prepared from polyoma-infected 3T6 cells, but similar effects were obtained with extracts from growing, uninfected cells. Extracts heated for 5 min at 100 C lost their stimulating capacity. Furthermore, the stimulating capacity could be fractionated by ammonium sulfate precipitation and precipitated between 30 and 60% saturation. Both of these results suggest that the stimulating factors are proteins.
The polyoma-specific nature of the DNA synthesized in depleted nuclei in the presence of extracts was demonstrated by reannealing experiments (Table 1) . Equal relative amounts of in vitro 32P-labeled DNA were annealed to polyoma DNA independent of whether DNA was synthesized in the absence of extracts (42%) or in the presence of extracts (39%). Similar results were obtained with the in vivo 3H-labeled DNA which hybridized to 37% and 32%, respectively. In a parallel experiment, authentic polyoma DNA reassociated to about the same extent (43%).
Sedimentation properties of in vitro synthesized DNA. In the following sections we will show that the effect of extract also is of a qualitative nature and in particular reflects the ability of the nuclei to join small DNA pieces to longer chains. In Fig. 4 half of the radioactivity appeared as 4 to 5S fragments. These short fragments were earlier shown to be precursors of long strands (8) . The results (Fig. 4) Addition of cytoplasmic extracts restored the capacity of depleted nuclei to join 4 to 5S fragments. Figure 5 shows the effect of two concentrations of extract on the sedimentation profile in alkaline sucrose gradients. In both cases a considerable stimulation of total DNA synthesis had occurred, and is expressed by an increased amount of in vitro label (321p) appearing as long single-stranded chains sedimenting close to 16S and as form I DNA (53S). In the absence of nuclei, the extract alone showed a limited capacity to synthesize DNA (Fig. 5B) , most of which sedimented as short chains. This activity probably explains the shoulder at the 4 to 5S position in Fig. 5C and D. The addition of extract also considerably increased the amount of prelabel in form I DNA, which was stimulated from 2%T ( Fig. 5A) was found outside the nuclei when they were incubated alone or in the presence of ligase. The amount increased to 27% in the presence of extract. Figure 7 shows the sedimentation profiles in alkaline sucrose gradients of the DNA synthesized in the nuclei. It is clear that similar effects to those observed in Fig. 5 and 6 were found. A comparison of Fig. 7C and 5D suggests that the radioactive material present as a shoulder in the position of 4 to 5S DNA fragments in Fig. 5D was outside the nuclei.
In conclusion, the addition of cytoplasmic extract indeed stimulated the overall elongation process of DNA replication inside depleted nuclei. DISCUSSION
The capacity of nuclei to complete the elongation of progeny strands during incubation depended on the concentration of nuclei. The relative amount of polyoma DNA synthesis was greatly decreased when low concentrations of nuclei were used. This effect was more pronounced with nuclei which had been prepared VOL. 15, 1975 on by repeated washing with buffers containing Nonidet P-40 and which were therefore less contaminated with cytoplasm. The decrease was mainly apparent in the capacity of nuclei to sustain DNA synthesis and did not so much affect initial rates. From our data, it seems likely that part of the enzymes are washed out during preparation of nuclei and part leave the nuclei during DNA synthesis. Nevertheless, depleted nuclei incubated at a high concentration retained their capacity to continue the elongation process.
Earlier results showed that polyoma DNA synthesis in nuclei initially involved the formation of short DNA fragments, 100 to 150 nucleotides long, and that these fragments subsequently were joined to form longer progeny strands (8 Polynucleotide ligase is an enzyme which would be expected to participate in the joining process. Neither purified calf thymus ligase nor E. coli ligase stimulated the overall capacity of the nuclear system to synthesize polyoma DNA. However, a shift of isotope from short fragments to long progeny strands was observed. This result indicates that ligase activity probably was one of the depleted nuclear factors, but that the cytoplasmic extract clearly supplied other additional missing fractions. E. coli DNA polymerase I, together with ligase, gave only a small stimulation of the overall synthesis, but increased the joining to a larger extent than ligase alone. Both the polymerizing activity and the exonuclease activity of this enzyme might be responsible for the observed effect.
The experiments involving addition of highly purified enzymes indicate that proteins with molecular weights of about 100,000 (6, 13) 
